[1] The depth of the seismogenic zone is a critical parameter for earthquake hazard models. Independent observations from seismology and geodesy can provide insight into the depths of faulting, but these depths do not always agree. Here we inspect variations in fault depths of 12 segments of the southern San Andreas Fault System derived from over 1000 GPS velocities and 66,000 relocated earthquake hypocenters. Geodetically determined locking depths range from 6 to 22 km, while seismogenic thicknesses are largely limited to depths of 11-20 km. These seismogenic depths best match the geodetic locking depths when estimated at the 95% cutoff depth in seismicity, and most fault segment depths agree to within 2 km. However, the Imperial, Coyote Creek, and Borrego segments have significant discrepancies. In these cases the geodetically inferred locking depths are much shallower than the seismogenic depths. We also examine variations in seismic moment accumulation rate per unit fault length as suggested by seismicity and geodesy and find that both approaches yield high rates (1.5-1.8 × 10
Introduction
[2] Fault depth within the seismogenic zone is a critical parameter for seismic hazard models. Earthquake moment is proportional to the rupture area of a brittle fault, defined as the product of a fault's length and width (i.e., depth for a vertical fault). Major earthquakes (M o > 8) have been shown to rupture the entire brittle fault zone [Das and Scholz, 1983; Hill et al., 1990] and recent studies of seismicity using relocated hypocenters in Southern California [Nazareth and Hauksson, 2004] show that the depth above which 99% of the moment release of background seismicity occurs provides a realistic estimate of the maximum rupture depth in moderate to large earthquakes. Thus accurate estimates of maximum fault depth are fundamental in accurately forecasting the magnitude of future earthquakes.
[3] Geophysical observations from both seismology and geodesy can provide estimates of the fault depth. Earthquake hypocenters ( Figure 1a ) define a depth range of active seismicity within the crust, representing a transition from seismic faulting (velocity weakening) to aseismic slip (velocity strengthening) [Brace and Byerlee, 1970; Marone and Scholz, 1988] . While the average thickness of the seismogenic zone for the San Andreas Fault System (SAFS) is fairly shallow at ∼12 km, large variations from less than 10 km in the Salton Trough area to greater than 25 km at the southwestern edge of the San Joaquin Valley have been identified [Nazareth and Hauksson, 2004] . Similarly, the seismogenic thickness of the SAFS can vary significantly along strike [e.g., Peterson et al., 1996; Magistrale, 2002; Wdowinski, 2009] . These estimates of seismogenic thickness and fault segment length (i.e., slip area), combined with estimates of long-term fault slip rate, have been used to estimate the earthquake potential of faults along the SAFS [Stein, 2008] .
[4] Geodetic surface deformation measurements (i.e., GPS (Figure 1b) or InSAR), combined with a mathematical model, can be used to estimate the effective thickness of the zone of interseismic strain accumulation, commonly referred to as the fault locking depth. The simple elastic dislocation model [Savage and Burford, 1973] describes the accumulation of elastic strain along a vertical strike-slip fault. The 2-D model velocity profile across the locked fault zone is given by
where V is the far-field velocity, x is the horizontal faultperpendicular distance, and D is the locking depth ( Figure 2 with d = 0). The actual variation of slip with depth is probably a gradual transition rather than an abrupt step and physical models can be easily modified to simulate a gradual transition. However, it has been demonstrated that the exact shape of this transition with depth cannot be resolved using surface geodetic data [Savage, 2006] . Moreover, for earthquake moment assessment, it is the effective thickness of the locked zone that is of interest, so the shape of the depth transition is irrelevant for this application and most investigators simply solve for the locking depth.
[5] The derivative of the velocity profile across the fault is the shear strain rate _ ". The peak strain rate occurs directly above the fault and has an amplitude given by
[6] Another related parameter is the seismic moment accumulation rate per unit fault length given by
where m is the crustal shear modulus. Both strain rate and moment accumulation rate are important for assessing earthquake hazard. Strain rate multiplied by the shear modulus and the time since the last major rupture provides a first-order estimate of the stress that has accumulated since the last earthquake. While several studies have shown that earthquakes do not follow a characteristic rupture cycle [Weldon et al., 2004] , the accumulated stress is still a quantitative measure of whether a particular fault is early or late in its earthquake cycle. The seismic moment accumulation rate, however, is a more important measure of earthquake potential since this rate multiplied by the time since the last major rupture and the length of a potential rupture is a proven measure of earthquake size [Stein, 2008] . Since both strain rate and moment accumulation rate depend on slip rate and locking depth, or the thickness of the locked zone if the fault has shallow fault creep, understanding how these parameters are estimated and how they are applied in models is an important exercise. [7] In this study we compare the effective thickness of the locked zone derived from seismicity with the thickness derived from geodesy to quantitatively measure the similarities and differences in the two approaches along the SAFS. Seismogenic thickness is derived from 66,775 earthquake epicenters [Lin et al., 2007] and fault locking depths are estimated from 1099 GPS velocities for 12 fault segments. We examine variations in seismic moment accumulation rate along the fault system as suggested by seismicity and geodesy. Finally, we explore plausible explanations for fault depth discrepancies and examine the associated strengths and weaknesses of each method.
Locking Depth Estimated From Geodesy
[8] GPS velocity measurements can be used to estimate both the strain and moment accumulation rate. As described above, the key model parameters are the far-field velocity V and the locking depth D. An accurate estimate of the far-field velocity requires GPS velocity data more than several locking depths away from the fault (>50 km), while an accurate estimate of the locking depth requires a high density of GPS velocity data within one-half locking depth of the fault locations. An additional high-density GPS array [Lyons et al., 2002] straddling the Imperial fault was also combined with the EarthScope data set to provide additional coverage. Figure 2 . Diagram of a strike-slip fault of length L that is locked to depth D. The far-field slip rate is V. Some faults also have shallow fault creep to depth d, which reduces the effective thickness of the locked zone to D -d. The locked zone is sometimes equated to the seismogenic zone where the fault behavior is velocity weakening [Marone and Scholz, 1988] . Darker shading represents a hypothetical distribution of seismicity versus depth.
(<6 km spacing). However, the typical spacing of GPS velocity measurements along the SAFS (Figure 1b) is only 10-20 km . Because of sparse geodetic data in some locations, depth uncertainties can be on the order of 3-6 km. Some faults also exhibit evidence of shallow fault creep [Bürgmann et al., 2000; Lyons et al., 2002] which reduces the effective width of the locked zone and can further complicate estimations of locking depth. In addition, real fault geometry is not simply two-dimensional and so the 3-D inversion for both slip rate and locking depth is usually ill conditioned [McCaffrey, 2005] .
[9] A simple 2-D inversion example illustrates both issues of shallow creep and the ill conditioning of the slip rate and locking depth parameter estimation problem. We consider the case of the Imperial fault where there is a single fault strand with better than average spatial sampling owing to a dense GPS array above the fault zone (Figure 3 ). The first issue is that this fault has known shallow creep [Goultry et al., 1978; Genrich et al., 1997; Lyons et al., 2002] . A least squares sensitivity analysis by Lyons et al. [2002] showed that the near-fault creep is explained by a shallow locking depth d of 3 km and a creep rate of 9 mm/yr. Moreover, they showed that the important lumped parameter is the effective thickness of the locked zone or D -d. Given these shallow fault creep parameters, we calculate the chi-square misfit of the simple arctangent model versus locking depth and slip rate (Figure 3 ). The contours of misfit are elongated, showing a high correlation between slip rate and locking depth. The best fit model has a slip rate of 36.5 mm/yr and a locking depth of 5.6 km, although models with locking depths between 4 and 8.7 km and slip rates between 32 and 43 mm/yr are acceptable. A model with a shallow locking depth of 4 km requires a low slip rate of 32 mm/yr, while a model with a deep locking depth of 10 km requires a slip rate of 44 mm/yr. This correlation between locking depth and slip rate has been demonstrated in several previous publications. For example, Segall [2002] showed a similar result for the Carrizo segment of the SAF and suggested that geological bounds on slip rate could be used to place bounds on the locking depth.
[10] In general, there are two practical approaches to estimating slip rate and locking depth from sparse geodetic data. Both start with a segmented representation of the fault system and use an elastic half-space or layered viscoelastic model to estimate crustal velocities at GPS sites. The standard approach is to fix the locking depth and invert for the slip rate or degree of coupling [Becker et al., 2004; Meade and Hager, 2005a; McCaffrey, 2005] . The assumed locking depth (typically a constant 12, 15, or 20 km) is based on previous geo- Figure 3 . Bounds on best fitting two-dimensional dislocation models for dense GPS velocity measurements across the Imperial fault [Lyons et al., 2002] . All models include 9 mm/yr of creep for depths less than 3 km. (a) Chi-square misfit versus deep locking depth D and far-field slip rate V shows the high degree of correlation between these two parameters. The crosses mark the bounds of the acceptable models plotted in Figure 3b . (b) Fault-perpendicular model profiles showing the best fitting model (locking depth of 5.6 km and slip rate of 36.5 mm/yr) and a sample of acceptable models (locking depths between 4 (32 mm/yr) and 8.7 km (44 mm/yr)). detic studies or the average thickness of the seismogenic zone approximated from relocated earthquakes. An alternate approach is to fix the slip rate to the long-term rates assembled from numerous geological studies and invert for the locking depth along each segment [Smith and Sandwell, 2003] . Neither approach is completely satisfactory. In particular, if there are significant variations of 5-10 km in locking depth, then an approach using a fixed locking depth will result in estimates of slip rate that are significantly different (lower) than the true rate. For example, Meade and Hager [2005a] used a locking depth of 15 km for the San Bernardino segment of the SAF and found the best fit slip rate was only 5.1 ± 1.5 mm/yr, which is significantly less than the geologic estimate of 23-25 mm/yr [Weldon and Sieh, 1985] . Smith-Konter and Sandwell [2009] found an acceptable fit to the geodetic data using a slip rate of 16 mm/yr and a locking depth of 21 km. A third approach, not yet considered in any geodetic study, is to use variable depths from microseismicity as a proxy for the base of the locked zone.
[11] In this study we establish spatial variations in locking depth along 12 main segments of the southern SAFS ( Figure 4 ) using a geodetically constrained semianalytic dislocation model Sandwell, 2003, 2006; Smith-Konter and Sandwell, 2009] . Fault segments include Imperial (1), Coachella (2), Palm Springs (3), San Bernardino (4), Mojave (5), Carrizo (6), Superstition Mountains (7), Borrego (8), Coyote Creek (9), Anza (10), San Jacinto Valley (11), San Jacinto Mountains (12) ( Table 1 ). In addition to these main segments, the total model (spanning 1000 × 1700 km in the east-west and north-south directions) consists of 42 vertical fault segments imbedded in an elastic plate overlying a viscoelastic half-space. Parameters and additional details for this model are provided in the work of Smith-Konter and Sandwell [2009] . Deep slip is prescribed along each of the major fault segments, which drives the secular interseismic crustal block motions. Slip rates are largely derived from geological studies [Working Group on California Earthquake Probabilities (WGCEP), 1995, 2003, 2007] , which are incorporated into the model such that the cumulative slip rate across paralleling faults is constant. Fault segments are locked from the surface down to a variable locking depth, D, which is tuned to match the present-day GPS measurements.
[12] The relationship between surface velocity and locking depth is nonlinear, thus we estimate the depths using an iterative, least squares approach based on the Gauss-Newton method [cf. Smith and Sandwell, 2003] . The locking depth is varied along each fault segment to minimize the weightedresidual misfit to 1099 EarthScope Plate Boundary Observatory (PBO) GPS-derived horizontal velocities. This method searches the parameter space for optimal combinations of locking depths for all fault segments defined in the model. Uncertainties in estimated locking depths (1s standard deviation) are determined from the covariance matrix of the final inversion iteration. Locking depth results are provided in Table 1 . In a few special cases where recent single-fault segment investigations of locking depth are available and the fault is nearly two-dimensional [i.e., Lyons et al., 2002] , we adopt these estimates and adjust the uncertainty to reflect the range of results.
[13] Geodetically determined locking depths for the southern SAFS range from 5.9 to 21.5 km, with a mean of 13.9 km and a standard deviation of 5.7 km. Uncertainties in locking depth are typically 1 to 3 km, depending on the density and quality of nearby geodetic observations. Lower uncertainties are estimated along the Coachella and Mojave segments (0.5 and 0.4 km, respectively) where the EarthScope GPS array is quite dense (Figure 1b ) and the velocity measurements have small errors. Larger uncertainties in locking depth occur along the Palm Springs and San Jacinto Valley segments (8 and 6.3 km, respectively). These fault segments are fairly complex and our simplified segmented model may not capture their complex deformation. Note also, we assign geologic slip rates of 23 and 12 mm/yr for the Palm Springs and San Jacinto Valley segments, respectively; however, slip rates for both of these segments are also highly contested [Sharp, 1981; Weldon and Sieh, 1985; Bird and Kong, 1994; Figure 4 . Fault location map of the southern San Andreas Fault System. Segment names and numbers correspond to those in Table 1 . Becker et al., 2004; Meade and Hager, 2005a] . A trade-off in slip rate between the parallel strands of the San Andreas and San Jacinto faults has been suggested [Bennett et al., 2004] and our model likely requires an adjusted slip rate in this region to provide tighter constraints on the locking depth over variable timescales.
[14] The dense GPS array at the Imperial fault ( Figure 5a ) illustrates the issues with shallow creep, showing that geodesy only estimates the thickness of locked zone. Published values of locking depth for the Imperial fault range from 6 to 13 km [Archuleta, 1984; Genrich et al., 1997; Lyons et al., 2002; Smith and Sandwell, 2003 ], typically accompanying 35-40 mm/yr of slip. However, the Imperial fault is known to exhibit fairly complex slip behavior with associated creep and perhaps cannot be accurately modeled as a single fault segment that is simply locked at depth. Our 3-D locking depth inversion is 5.5 km, which includes 3 km of shallow creep. Because the Imperial fault is nearly straight, this 3-D inversion corresponds to the 2-D estimate shown in Figure 3 .
[15] As this approach of using geologically derived slip rates to estimate locking depth is unique to our work, analyses by other groups are needed to relate our formal uncertainties in locking depth to the range of locking depths derived using other methods. Recently, the Southern California Earthquake Center (SCEC) hosted a workshop to evaluate the role of geodetic data for updating the Unified California Earthquake Rupture Forecast Version 3 (UCERF3; see http://www.scec. org/workshops-/2010/gpsucerf3-Report_on_2010_SCEC_ GPS_UCERF3-_Workshop_v2.pdf and Smith-Konter et al. [2010] ). One of the exercises (E. Hearn, personal communication, 2010) was to fit the geodetic data across the Carrizo segment of the SAF using whatever method investigators felt was most appropriate. Six investigators participated in this exercise using nine different modeling approaches ranging from simple elastic half-space back slip models to full numerical analyses using nonlinear time-dependent rheology. Remarkably, all of the analyses provided roughly the same locking depth solution (16.7 ± 2.2 km), suggesting that the derived value is largely independent of the method or investigator. These 9 values disagree with older published models with a 25 km locking depth [Eberhart-Phillips et al., 1990] , suggesting that newer campaign data provided by the USGS and EarthScope have helped refine the locking depth for this segment. Slip rates along this region are reasonably well constrained (i.e., 36 mm/yr; see Schmalzle et al. [2006] ). Our estimate of locking depth for the Carrizo segment of 18.7 +/− 2.0 km (Figure 5b ) is on the higher end of the 6 analyses but still within one standard deviation of the range of estimates. On the basis of this comparison of results, we believe that our geodetic estimates are accurate and the uncertainties depend on both the near-fault data distribution and 3-D geometry.
Seismogenic Thickness Estimated From Seismicity
[16] A number of studies have examined the maximum depth of seismicity in different regions in California and related the results to differences in heat flow, rock type, and main shock rupture models [Doser and Kanamori, 1986; Miller and Furlong, 1988; Sanders, 1990; Williams, 1996; Magistrale and Zhou, 1996; Richards-Dinger and Shearer, 2000; Bonner et al., 2003; Nazareth and Hauksson, 2004] . In general, these results depend upon the quality of the earthquake locations and the choice of a cutoff criteria used to define the maximum depth. To achieve robust depth estimates that are insensitive to occasional stray earthquake locations at large depth, most studies have assigned a cutoff percentile depth, which has ranged from 90% [Miller and Furlong, 1988; Richards-Dinger and Shearer, 2000] , to 95% [Williams, 1996] , to 99% [Bonner et al., 2003] . A somewhat different approach was used by Nazareth and Hauksson [2004] , who computed the 99.9% limit in total seismic moment (estimated from the local earthquake magnitudes for small earthquakes). This study (NH04, hereafter) used earthquakes relocated using a 3-D velocity model and found that the 99.9% moment limit in background seismicity reliably predicted the maximum rupture depth of moderate to large earthquakes in Southern California. [Lyons et al., 2002] . e Mean and standard deviation of locking depth estimated from nine independent analyses of the same geodetic data set for the UCERF-3 Workshop exercise; see http://www.scec.org/workshops-/2010/gpsucerf3-Report_on_2010_SCEC_GPS_UCERF3-_Workshop_v2.pdf.
[17] Here we examine earthquake depths in the LSH catalog of Lin et al. [2007] , which used waveform cross correlation and a new 3-D velocity model for Southern California to relocate over 400,000 earthquakes between 1981 and 2005 ( Figure 1a) . We examine seismicity profiles along the same fault segments used in our geodetic dislocation model, assuming vertical faults and including all earthquakes within 5 km (Figures 5c-5f ). We calculate the 90%, 95% and 99% cutoff depths to see which best matches the geodetic data. We will refer to these results as LSH07.
[18] It should be noted that it is not always clear if the seismicity within 5 km of each fault segment is associated with the target fault. For example, seismicity along the southernmost SAF (segments 2 and 3) is relatively sparse and thus our locking depth estimates are largely based on the seismicity located about 4 to 5 km northeast of the surface trace of the fault. Lin et al. [2007] argue that this seismicity is likely on a northeast dipping SAF because this can explain geodetic data indicating that the maximum shear strain is displaced about 7 km northeast of the surface trace [Fialko, 2006] . However, the possibility also exists that the seismicity is on a parallel fault system to the SAF. Secondary faults could play a role for other fault segments as well, particularly for the complicated seismicity associated with many parts of the San Jacinto fault, the San Bernardino segment of the SAF, and where the White Wolf and Garlock faults approach the SAF. These differences could bias our results if these secondary faults have different locking depths and maximum seismicity depths than the main fault. However, as we will show later, we generally observe a correlation between our measured maximum seismicity depth and geodetic locking depth for these segments, suggesting that any biases owing to off-fault seismicity are small.
[19] For the fault segments used in this study, seismicity evaluated by both NH04 and our LSH07 results suggests that the seismogenic thickness in Southern California is largely limited to the upper 11-20 km of the crust, with a mean thickness of 15.8 km and a standard deviation of 2.3 km (Table 1) . We compute differences in seismogenic thickness estimates of NH04 (99.9% moment depth) and LSH07 (90%, 95%, and 99% depth) and find standard deviations of 2.13, 1.96, and 1.34 km, respectively. As expected, depths derived from a 99% seismicity cutoff depth provide the closest match to depths from NH04 ( Figure 6 ). The NH04 estimates are slightly higher than those of LSH07 for most segments, suggesting that there may be some systematic differences in the earthquake depths in the two catalogs. The Palm Springs segment (3) has the largest disagreement in seismogenic thickness, where NH04 estimate it at 19.4 km and LSH07 estimate it at 15.3 km. The seismicity along this segment in map view is diffuse and a simple fault trace is not easily defined ( Figure 1) ; the geographic coordinates of the segment location utilized in this study (combined with the LSH07 profiles) are approximated on the basis of our geodetic model constraints and we have likely oversimplified the horizontal fault geometry here. Overall though, the correlation of seismogenic thicknesses estimated by both studies is quite good.
Geodetic Locking Depth Versus Seismogenic Thickness
[20] Next we compare the locking depths inferred from geodetic models to seismogenic thickness derived from seismicity. The first issue is which of the cutoff percentages for the seismogenic depth best matches the geodetic locking depth. A regression analysis shows standard deviations of 4.20 km (90% seismicity, LSH07), 4.16 km (95% seismicity, LSH07), 4.30 km (99% seismicity, LSH07), and 4.60 km (99.9% moment, NH04). While the 95% seismicity LSH07 provides the best statistical match, the 99% seismicity LSH07 provides a better visual fit (Figure 7) . Because there are many earthquakes for each segment, the formal standard errors associated with each cut-off depth percentage are very small. In Figure 7 we show the depth range spanned between the 90 to 99% depth estimates, which provides a more realistic picture of the likely depth uncertainties. Nine out of the twelve fault segments show agreement better than 2 km and the combined geodetic and seismic depth uncertainties for most of these segments overlap.
[21] Three outliers are evident from Figure 7 (Imperial (1), Coyote Creek (8), and Borrego (9)), which have significantly larger differences that are well outside the error bounds of the geodetic locking depths. In these cases the geodetic locking depths are much shallower than the seismogenic depths. By omitting these three outliers, the geodetic and seismic data agreement is significantly improved, with standard deviations of 2.38 km (90% seismicity, LSH07), 2.44 km (95% seismicity, LSH07), 2.68 km (99% seismicity, LSH07), and 3.22 km (99.9% moment, NH04). The generally good agreement between seismogenic thickness and geodetic locking depths suggests that both methods provide a reasonable estimate of the depth to the base of the locked zone to within Comparison of seismogenic thickness (depths) estimated by LSH07 (99% seismicity cutoff depth, horizontal axis) and geodetic locking depths (vertical axis). Uncertainty estimates in geodetic depths (Table 1) and seismogenic depths (approximated from 90-99% seismicity cutoff depth estimates) are also plotted. Number labels correspond to segment numbers as in Table 1 .The light shaded oval represents data that cluster around the 1:1 match in depths, represented by the diagonal line. The dark shaded circle represents outliers (segments 1, 8, and 9) where seismicity suggests much deeper fault locking depths than geodesy. a mean accuracy of 2.5 km when the three significant outliers are excluded.
Seismic Moment Rate
[22] Using equation (3), we calculate seismic moment accumulation rate per unit length for each fault segment of the SAFS using both seismically and geodetically derived locking depths (Figure 8 ). Here we assume a constant shear modulus of m = 30 GPa and adopt slip rates according to Table 1 . The highest rates of seismic moment accumulation from seismicity (1.5-1.8 × 10
13 Nm/yr/km) occur along the Mojave, Carrizo, and Imperial segments, where seismic depths are moderately deep (14-16 km) and the slip rates are high (33-40 mm/yr). Similarly, moment rate estimates from geodesy are also highest along the Mojave and Carrizo segments, although not along the Imperial segment owing to the smaller geodetic locking depth estimated there (6 km). The lowest seismic moment rates (∼0.2 × 10 13 Nm/yr/km) for both models occur along the San Jacinto segments of Borrego Figure 8 . Seismic moment rate per unit length, assuming depths (a) derived from seismic thickness, (b) derived from geodetic locking depth, and (c) set to a fixed depth of 12 km. Perspective plots on the left are for the San Andreas Fault segments (labeled 1-6 in Figure 8a ), while plots on the left represent segments of the San Jacinto fault (labeled 7-12 in Figure 8a ).
and Coyote Creek where the locking depth is shallower (∼6 km) and the slip rates are 12-15 mm/yr. 6. Discussion [23] As previous studies have demonstrated, microseismicity along the SAFS shows significant variations in seismogenic depth, ranging between 10 and 25 km [Nazareth and Hauksson, 2004] . Our geodetic analysis yields a slightly larger depth range of 6 to 22 km. This relative agreement suggests that these variations in fault depth are real. Distributions of fault depths can be attributed to both geological and geophysical factors, such as crustal temperature and lithology [e.g., Miller and Furlong, 1988; Magistrale and Zhou, 1996; Magistrale, 2002; Bonner et al., 2003] . These studies suggest an inverse correlation between maximum depth of seismicity and heat flow along the southern SAF, and our estimates of depth, both seismic and geodetic, are consistent with these results. High heat flow values (∼100 mW/m 2 ; see Blackwell and Steele [1992] ) and shallow depths (6-10 km) are found in the Imperial Valley, which is characterized by thick sediments and young mafic igneous rocks [Fuis et al., 1982; Lachenbruch et al., 1985; Magistrale, 2002] . Alternatively, some of the lowest heat flow values in this region (∼60 mW/m 2 ) and deeper locking depths (18-21 km) are found in granitic rocks along the San Gorgonio Pass, straddling the San Bernardino and San Jacinto Valley/ Mountains segments [Magistrale, 2002] .
Seismic and Geodetic Depth Discrepancies
[24] The three significant outliers (1, Imperial; 8, Coyote Creek; and 9, Borrego) all have geodetic locking depths that are much less than the seismogenic depths. Of course the creeping segment of the San Andreas Fault is the most notable example of this behavior, since the microseismicity extends to a depth of ∼7-9 km [Bedrosian et al., 2004] while the thickness of the geodetic locked zone is essentially zero [Savage and Burford, 1973; Thatcher, 1979] . A recent study of the San Jacinto fault zone (including both the Coyote Creek and Borrego segments) arrives at the same conclusion that the seismogenic depth is much greater than the thickness of the geodetically derived locked zone [Wdowinski, 2009] . Creep rates of ∼5 mm/yr have been observed along the southern San Jacinto fault [Louie et al., 1985] ; however, radar interferometry [Vincent, 1998; Lyons and Sandwell, 2003] shows no evidence for shallow creep except along the southernmost Superstition Mountain segment where the slip occurs in episodes with a mean rate of 3 mm/yr . The largest outlier is the Imperial fault where the geodetic locking depth is only 6 km and the seismogenic depth is 14 km. This is a case where geodetically determined depths track middle-depth clusters of seismicity (∼5-10 km; see Figure 5e ). As previously discussed, the Imperial segment is known to exhibit both locked fault and creeping deformation behaviors with depth [Lyons et al., 2002; Shearer, 2002] , which appear to complicate both geodetic and seismic estimates of the thickness of the locked zone.
[25] It is possible that discrepancies in seismic and geodetic depths are revealing time-varying stress adjustments at depth throughout the earthquake cycle. If a recent earthquake has occurred on a fault segment, microseismicity can reflect a redistribution of stress within the fault zone. Outlier segments 1 and 9 have had relatively recent earthquakes (Imperial, 1940 and 1979; Borrego, 1968) . In particular, aftershocks in the first 2 months following the M6.6 1979 Imperial Valley earthquake were 2-3 km deeper than premain shock seismicity [Doser and Kanamori, 1986] . Similar behavior was observed for the 1992 M7.3 Landers earthquake [Rolandone et al., 2004] where aftershock depths deepened from preearthquake levels by as much as 3 km over 4 years. Thus it is possible that deeper distributions of seismicity along historically active faults of the SAFS can be attributed to postseismic stress adjustments. Earthquake cycle effects are also known to complicate geodetic estimations of true locking depth [Savage, 1990; Meade and Hager, 2004] , where fault locking depths tend to deepen nearing the end of an earthquake cycle.
[26] We must also consider the possibility that some of the differences in depth may be explained by along-strike variations in slip mechanisms, such as patches of vertical creeping between locked regions. The Parkfield segment north of our study area is known to exhibit such localized slip variations [Harris and Segall, 1987; Werner et al., 1997; Murray et al., 2001] . Combined with the long-wavelength along-strike variations in depth along the entire SAFS, it is certainly possible that individual fault segments may have small vertical creeping patches that are unaccounted for here. The impact of along-strike creeping patches on geodetic depths depends on the assigned fault segment length, and if a segment were to exhibit a significant span of creep alongstrike, then geodetic measurements straddling such a region should yield a shallower depth than a fault segment that was strictly locked along strike.
[27] Recent evidence of nonvolcanic tremor has also been linked to vertical transition zones from fault locking to aseismic slip [Obara et al., 2004; Rogers and Dragert, 2003] . While nonvolcanic tremor has been identified in six regions in California to date [Nadeau and Dolenc, 2005; Gomberg et al., 2008] , the only known tremor location relevant to this study is along the San Jacinto Valley segment near Hemet, CA. Here tremor depths, although poorly constrained, are estimated at 12 km depth [Gomberg et al., 2008] . This depth is much shallower than the geodetic depth (21 km) and the 99% seismicity cutoff depth (19 km) determined for this segment. There is no evidence of shallow fault creep along this fault segment, but perhaps deeper aseismic slip is taking place here, as has been suggested for fault segments to the south of this segment along the San Jacinto fault [Wdowinski, 2009] .
Fault Geometry
[28] This analysis assumes that the fault depth is constant with each predefined fault segment strike. How realistic is this assumption? Both geodetic and seismic estimates presented here are basically an along-strike average of the data sampled. Since geodetic estimates are model dependent and require a complicated segmentation scheme to provide sufficient along-strike resolution to address realistic variations, some guidance is provided by the seismicity. Significant alongstrike variations in fault depth are evident in the seismic record, where for example, the San Bernardino segment has a maximum depth of seismicity that is much deeper in the south (∼20 km) than in the north (10-15 km) [Magistrale and Zhou, 1996; Richards-Dinger and Shearer, 2000, Plate 6; Nazareth and Hauksson, 2004] . Such variations may be due to reverse faulting in the structurally complex area along the San Gorgonio Pass [Yule and Sieh, 2003] . In this study we segment sections of the SAF consistent with our geodetic analysis, which follows previous segmentation schemes by WGCEP [1995 WGCEP [ , 2007 and Plesch et al. [2007] . In particular, we treat most of the San Bernardino segment as one estimate. NH04 considered this issue and evaluated seismic depths on a 5 km scale, in addition to an along-strike average. For the San Bernardino segment, for example, the 5 km segmentation and the along-strike average have depth differences of about 3 km. Geodetic determination of locking depth requires a dense array of stations within <6 km of a fault (across-strike), and while this is available along some fault segments (e.g., Imperial), it is not feasible for the entire system so the segmentation must be rather coarse. This coarse segmentation does not always capture the transition from locked to unlocked faults. Nevertheless, locking depth estimates from geodesy do provide realistic locking depths in regions where microseismicity is relatively scarce (i.e., Death Valley, Eastern California Shear Zone).
[29] Dipping fault geometry may also play an important role in understanding discrepancies between geodetic and seismic fault depths. While the orientations of most segments of the SAFS are assumed to be vertical (Community Fault Model; see http://structure.harvard.edu/cfm, Plesch and Shaw [2003] , and Plesch et al. [2007] ), some recent studies have suggested a variable degree of dip. Most notably, along the Carrizo and Coachella segments, fault dips are estimated between 55 and 75 degrees to the southwest and between 37 and 60 degrees to the northeast, respectively [Lin et al., 2007; Fuis, 2007; Fuis et al., A new perspective on the geometry of the San Andreas Fault in Southern California and its relationship to lithospheric structure, submitted to Bulletin of the Seismological Society of America]. Fault dip has also been estimated for the Imperial fault at roughly 80 degrees to the east [Reilinger and Larsen, 1986] . Our geodetic model assumes a vertical dipping geometry for all fault segments of the SAFS, and this assumption may introduce an additional source of error when estimating fault depth. The fact that we observe seismic depths that are mostly a few kilometers deeper than geodetic depths follows the idea that a dipping fault would lengthen the geodetic locking depth. The largest discrepancy of fault depth, however, is largely derived from segments of the San Jacinto fault. Fault dip for segments of the San Jacinto fault are not well documented in the literature and the faults are typically assumed to be vertical. Inspection of the seismicity along the San Jacinto fault in map view also supports a vertical fault geometry, as the earthquake locations primarily align with the known mapped fault trace. The southernmost 15 km of the Coyote Creek fault segment, however, does show a clustering of seismicity to the southeast of the mapped fault trace, suggesting a dipping geometry may be relevant here.
Role of Fault Depth in Seismic Hazard Analyses
[30] These results have major implications for the seismic moment accumulation rate of segments of the SAFS. Moment accumulation rate is often calculated from observed rates of surface strain accumulation [WGCEP, 1995 [WGCEP, , 1999 Ward, 1994; Savage and Simpson, 1997] and typically evaluated for a constant locking depth of 10-15 km [WGCEP, 1995 , WGNCEP, 1996 Meade and Hager, 2005b] . However, as our results clearly illustrate, seismic moment accumulation rates are very different when a constant locking depth of, for example, 12 km is adopted (Figure 8c ). In this case, the largest moment accumulation rate occurs along the Imperial and Carrizo segments where the slip rate is largest (∼37 mm/yr). The factor of 2 increase on the Imperial segment in comparison with geodetic depths (Figure 8b ) reflects the factor of 2 increase in locking depth, while the 1/3 decrease in moment rate along the Carrizo segment is related to the 1/3 decrease in locking depth. The mean value of each group of seismic moment accumulation rates is also reflective of depth behavior: 0.99 × 10 13 Nm/yr/km (seismic depths), 0.87 × 10 13 Nm/yr/km (geodetic depths), and 0.77 × 10 13 Nm/yr/km (constant D = 12 km). Moreover, we find that the main San Andreas Fault strand (including segments 1-6) accumulates roughly 67-70% of the seismic moment budget for all three models.
[31] The Uniform California Earthquake Rupture Forecast Version 2 (UCERF2) report [WGCEP, 2007] similarly recognizes the southern San Andreas as a region of elevated seismic potential. Overall, this study emphasizes the southern San Andreas (segments 2-6 here) as the region of most significant earthquake hazard in all of California, having a 59% probability of a M ≥ 6.7 event over the next 30 years. WGCEP [2007] also determines a 31% probability for the San Jacinto segment (segments 7-12 here) and a 27% probability for the Imperial segment. For the faults included in our study, the UCERF2 report presents the highest "participation probability" of rupture occurrence for the Mojave and Carrizo segments of the San Andreas, consistent with the relatively higher seismic moment rates of these segments from both seismic and geodetic estimates (Figure 8 ). Conversely, UCERF2 segment rupture probabilities are highest along the Coachella segment, while this segment's calculated seismic moment rate is not unusually large; only when one accounts for the time elapsed since the last major earthquake event (300 + years) does the Coachella segment's accumulated seismic moment become significant. It is also important to note that depths utilized by the WGCEP [2007] for the UCERF2 report (which are largely based on maximum depths of background seismicity; see Nazareth and Hauksson [2004] and Plesch et al. [2007] ) span a relatively small range, ∼10-17 km, in comparison with the 6-22 km geodetic depth range presented here. While UCERF2 fault depths are sometimes larger than our geodetic depths (e.g., 15.9 km for Coyote Creek), relative shallower depths are also reported (e.g., 12.8 km for San Bernardino).
Conclusions
[32] In summary, this study of seismic and geodetic depths of the southern San Andreas Fault System has shown that maximum depths of seismicity largely agree with fault locking depths derived from geodetic models. Of the 12 fault segments analyzed here, we identify 3 outliers (Imperial, Coyote Creek, and Borrego segments) with significant (>8 km) seismic verses geodetic depth disagreements. For these segments, maximum seismicity depths are much larger than geodetic locking depth estimates, suggesting that shallow creep or temporal variations in strain release throughout the earthquake cycle may contribute to these discrepancies.
[33] These results also highlight several important points that warrant further consideration. First, significant depth variations exist throughout the southern SAFS, bracketed by a range as large as 6 to 22 km. This result, combined with a statistical correlation between locking depth and slip rate, suggests that geodetically derived slip rates using models having fixed locking depths (i.e., 12 or 15 km) may be inaccurate. At least 7 of the 12 segments studied here have geodetic locking depths outside of the standard 12-15 km range. Furthermore, while geodetic depths indicate that 12 km is closer to the mean depth for segments of the southern SAFS, seismicity shows that 12 km might be a minimum faulting depth. This analysis also suggests that part of the disagreement between geodetically derived slip rates and geologically derived slip rates [e.g., Weldon and Sieh, 1985; Meade and Hager, 2005a] may be due in part to an incorrect assumption of a constant locking depth for fault segments. Moreover, when evaluating slip rates on faults, geodetic models should consider adopting variable depths from microseismicity to approximate the base of the locked zone.
[34] Finally, we urge future earthquake probability working groups and other independent seismic hazard analyses to consider depth variations reflected in geodetic models. Dense geodetic data sets (GPS and InSAR) are now available to further scrutinize fault locking depths of the SAFS. As demonstrated here, geodetic depths are largely consistent with maximum seismicity depths but provide a larger range of depth variations throughout the fault system. These depths can yield drastically different seismic moment rates for a single segment (in some cases, over a factor of 2), which should ultimately be reflected in earthquake probability forecasts.
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